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High-Resolution Spectroscopy of 2s;/, - 2ps/» Transitions in W%+ through W™+

Y. Podpaly*, J. Clementson, P. Beiersdorfer, J. Williamsonf, G. V. Brown, and M. F. Gu

Physics Division, Lawrence Livermore National Laboratory, Livermore, CA 94550

A high-resolution flat-crystal spectrometer was used on the SuperEBIT electron beam ion trap
to measure the energies of the 2s, /5 - 2p3/, transitions in lithiumlike through fluorinelike tungsten.
These transitions are strongly affected by energy shifts due to quantum electrodynamics (QED).
SuperEBIT was run at an electron energy of 103.2 & .5 keV and an electron beam current of 150 mA
to generate the respective charge states; hydrogenlike aluminum and neonlike krypton were used
as calibration elements. The spectra were analyzed with and the results compared to calculations
based on the Flexible Atomic Code. Good agreement was found. The measurements yielded line
positions with a precision of 1-2 eV, which test QED calculations to about 5-10%.

INTRODUCTION

Spectral studies of ions of heavy elements provide data
that are invaluable in a variety of fields, including atomic
physics, astronomy, and high-temperature plasma diag-
nostics. In atomic physics, transition energies provide
a test of the predictions of quantum electrodynamics
(QED) as well as a handle on the nature of multi-electron
atomic structure. The QED contribution to the 2s; /5
- 2p3/2 has been measured for high-Z elements such as
thorium, uranium, and, more recently, lead [1-3] and for
mid-Z elements such as xenon [4]. QED processes are
generally more pronounced with higher charge, since the
effects scale as Z*. However, QED plays a large role in
determining the transition energies of all of these heavy
ions. The present work, which focuses on the 2s, /5 - 2p3 /5
transitions in highly charged tungsten ions, proceeds to
fill uncharted territory in mid-to-high-Z elements, i.e.,
the region in atomic number between Xe (Z=54) and Pb
(Z=82) for which no measurements exist.

Measurements of tungsten have recently become sig-
nificantly more important due to the start of construc-
tion of the ITER tokamak, where tungsten plasma-facing
components and high electron temperatures, on the or-
der of 25 keV, possibly reaching as high as 30-40 keV
under certain operating conditions [5, 6], are expected to
produce highly ionized tungsten within the plasma. In
fact, line radiation of L-shell tungsten ions may serve as
a diagnostic of the ion temperature and the bulk velocity
of the plasma core, where such highly charged ions are
predicted to exist. Moreover, plasma energy losses can
become significant due to radiation, so there has been
research on the intensities and energies of the tungsten
emissions, mostly in the EUV and VUV, covering charge
states from W% and below [7-14]. These investigations
have been important both for tokamak and Z pinch plas-
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mas [15, 16]. None of these works, however, have focused
on QED effects. An exception is the recent measurement
of 3-3 transitions in sodiumlike tungsten and neighboring
ions with lower charge (W°%* — W%1+). This measure-
ments achieved an accuracy sufficient to constrain QED
calculations at the 10% level [17].

The overall objective of the work described in this pa-
per is to measure with high resolution the 2s;/5 - 2p3/9
transitions of highly ionized tungsten L-shell ions, iden-
tify the spectral lines, and compare the measured energies
to theoretical values. We find that these transitions are
the strongest lines in the x-ray spectrum of open L-shell
tungsten ions. The QED contribution is expected to be
about 17 eV for the 2s;/5 - 2p3/o transition of Li-like
tungsten [18]; since our measurement has an accuracy of
about 1 eV, it provides a gauge of the QED contribution
at the 6% level.

EXPERIMENTAL SET-UP

The SuperEBIT electron beam ion trap at the
Lawrence Livermore National Laboratory (LLNL) [19]
was used to make these measurements in a Doppler-
shift free, tungsten dominated environment. An electron
beam ion trap employs a set of drift tubes and uses the
space charge effect of the electron beam to create an elec-
trostatic potential trap to confine the ions to be studied.
A 3 T axial magnetic field is used to further confine the
ions. Due to the possible build-up of impurities in the
trap, the axial well is emptied at a given frequency to
purge all confined ions. For these measurements the elec-
tron beam energy was set to 103.2 £ 0.5 keV, and the
timing cycle was chosen to produce the best tungsten
charge balance, which was found to be 27 seconds. Beam
currents were maintained around approximately 150 mA.
Tungsten was injected into the trap with a Metal Vapor
Vacuum Arc (MEVVA). There were trace amounts of
argon and silicon in the trap; these elements acted as
low-Z cooling ions and provided x-ray calibration lines.
At these machine parameters, the 2-2 transitions of tung-
sten are the most significant emission seen, as illustrated
in the spectrum recored with the EBIT x-ray calorime-



ter spectrometer (ECS) in Fig. 1. The ECS [20, 21] has
an energy resolution of approximate 5 eV across the en-
ergy range 0.5-15 keV. It does not have the resolution
of a crystal spectrometer, but it is an exceptional survey
diagnostic.
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FIG. 1: Spectrum of tungsten from SuperEBIT recorded with
the EBIT Calorimeter Spectrometer (ECS). Transitions be-
tween levels of principal quantum number n are labeled.

The crystal spectrometer we employed for the present
measurement used a 11 cm long, 1.2 cm wide flat am-
monium dihydrogen phosphate (ADP, 2d = 10.640 A)
crystal 38 cm from the electron beam and set to a cen-
tral Bragg angle of 8 = 39°. X rays were detected
with an ORDELA model 1100XF position-sensitive pro-
portional counter placed at a distance of 25 cm from
the crystal. The detector was filled with 760 Torr P-
10 gas (90% argon 10% methane). The detector’s vac-
uum window consisted of a 4 ym polyimide coated with
200-400 A aluminum. Further descriptions of the spec-
trometer are available in [22, 23]. The crystal reflects
x rays based on their wavelengths, A, following Bragg’s
law, n\ = 2d sin(f), where n is the order of reflection.
The position on the detector, thus, can give precise wave-
length information. The spectrometer was operated with
a chamber pressure on the order of 10~7 Torr, which is
a factor of 10* higher than the ambient EBIT chamber
pressure. This pressure gradient is maintained using a
5076 A thick polyimide filter. The detector is connected
to an event-mode type data acquisition system [24].

The spectrometer was calibrated initially with a 1.69
mCi Fe-55 source, which allowed setting the gates of the
data acquisition system to remove background noise; the
Fe-55 source was also used to set the proper detector
voltage. Spectral lines from hydrogenlike aluminum and
neonlike krypton generated in SuperEBIT were used to
get a calibration of the energy scale as detailed in the
next section. Due to possible drifts in the spectrometer,
data from each day were analyzed separately, and errors
were increased to account for possible drifts.

CALIBRATION

The energy calibration of the crystal spectrometer was
accomplished by the injection of tri-methyl aluminum
(TMA) and krypton gas into the trap. The results of
the aluminum calibration are shown in Fig 2. The spec-
trum also shows lines from silicion, an intrinsic impu-
rity. The intensity of the silicon emission was too low
for both the He-like w and z lines, corresponding to
the transitions 1sy/92ps/2 — 1s® and 1sq/92s1 /5 — 157,
respectively, to provide an accurate calibration; how-
ever, the w line was located where it was expected.
Neonlike krypton has the four strong, well known lines
3F, 3D, 3C, and 3A within the region of interest.
These lines correspond to the transitions from the upper
configurations 2522p1/22p§/2351/2, 2522pf/22p§/23d5/2,
2322p1/22p§/23d3/2, and 281/22p63p3/2, respectively, to
the ground state 2522p®. There are numerous other kryp-
ton lines in the region as well, mostly from fluorinelike
krypton; however, these lines were overly blended to use
for calibration. The krypton measurement is shown in
Fig. 3. Since each x-ray energy is directly related via
Bragg’s law to a unique angle on the detector face, the
calibration curve was calculated as a relation between
angle and channel number.
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FIG. 2: Spectrum of hydrogenlike aluminum recorded on Su-
perEBIT with the flat-crystal spectrometer. Additional lines
from heliumlike silicon are marked as well. These lines are
used for wavelength calibrations.

Due to the geometry of the flat crystal and detector
arrangement, the curve of angle versus channel number
is expected to be a weak quadratic polynomial. The en-
ergies of the aluminum lines were set to the values given
in [25]. The spectral fitting procedures assumed that
the widths of the two Lyman alpha lines were identical,
since the line width in our case was almost exclusively
determined by the detector resolution. The krypton line
energies were taken from [26]; and we again fitted them
with equal widths. To test this, all lines were also fit in-



120 L
3D

3C
100 + -

3

2

a

3 80 L

2

S

] 3F

< 60 L

z

i

5]

£ 404 3A
20 - -
o T T T T T T

1700 1750 1800 1850 1900 1950

X-ray energy (eV)

FIG. 3: Spectrum of neonlike krypton recorded on SuperEBIT
with the flat-crystal spectrometer. Unlabeled lines are mostly
from fluorinelike krypton. The neonlike krypton lines are used
for wavelength calibrations.

dividually, but none of the fits suggested an asymmetric
detector response, and all lines had equal widths unless
they were blended with other lines. The statistical errors
for the line centroids in channel number and the pub-
lished uncertainties for the energies of the krypton and
aluminum calibration lines yielded an error box, the area
of which was taken as the inverse weight of the point. Due
to the large error bars on the krypton reference lines, the
highest justifiable order of the fitting polynomial was one
(linear). The calibration curve was found to be

A =10.640 sin(45.76i0.03—0x0.003227i1.836><10_5),

(1)
where C is the detector channel number and the units
are Angstroms.

RESULTS AND ANALYSIS

Tungsten data from five run days were analyzed. No
noticeable drift in the line and, thus, spectrometer po-
sition was found. The spectra were, therefore, summed;
the resulting spectrum is shown in Fig. 4. Line posi-
tions, however, were obtained by taking each individual
day’s data, assuming equal widths, and finding the aver-
age centroid by weighting the results by the number of
counts in the line of each day. Using the Flexible Atomic
Code (FAC) [27] and published references, the transitions
giving rise to these peaks were identified. Unfortunately,
the intrinsic silicon impurities in the trap blended with
two nitrogenlike tungsten peaks near 1840 eV and the flu-
orinelike tungsten peak. The fluorinelike tungsten peak
was only resolvable for one of the run days, when the sili-
con admixture to the plasma was negligible. Hence, that
value was taken and has been listed in Table I. From
the calibration data, it was seen that the contribution

from line z of He-like silicon to the nitrogenlike peaks
was around 25 counts per day, which ended up being
approximately 17% of the total line area. Due to the
presence of two nitrogenlike peaks and uncertainties in
the actual number of silicon w counts, deconvolution was
not possible, and the error bars on the nitrogenlike tran-
sitions had to be widened to account not only for their
overlap but also for the blend with the silicon peak. Fur-
ther uncertainties were approximated by analyzing the
individual run days’ data for deviations from a perfect
Gaussian line profile.

The lithiumlike line was situated outside of the cali-
brated interval. The uncertainty in the inferred energy
of this line was increased by the uncertainty given by
extrapolating the calibration curve, approximately 0.12
eV.

The data are summarized in Table I along with theo-
retical predictions and the line identifications. All uncer-
tainties stated refer to one standard deviation; the 95%
confidence interval is found by multiplying the given er-
rors by approximately 1.96.
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FIG. 4: Spectrum of the 2;/5-2p3/> transitions of tungsten
recorded on SuperEBIT with the flat-crystal spectrometer.
The lines are labeled using the isoelectronic notation from
Table 1.

The observed tungsten lines were identified based on
several criteria. First, since the SuperEBIT trap is filled
with a low-density plasma, most observed lines are from
transitions connecting to the ground state. Second, the
most likely transitions are selected based on the FAC
calculated transition energies and transition probabili-
ties. Furthermore, extensive studies, both experimental
and theoretical, of the line intensities have been made
for uranium and thorium [1, 28], and the strong lines ex-
pected in tungsten are presumed to not differ much from
those in thorium and uranium, although their relative
positions may move and are, in fact, seen to interchange.



TABLE I: Summary of measured tungsten lines and comparison with theoretical values. Errors and theoretical source shown.

All energies are in eV, intensities in arbitrary units, and Einstein coefficients in s™".

1

Measured Value Theoretical® Amplitude A ;; X 10%3 Transition Stage
1697.34 + 1.03 1695.9956°, 1697.6 16.904 + 1.63  0.7988 (18228 )5) =1 /5 — (12205 3) y—a /2 Li
1733.55 + 1.20 1735.5 24.444 + 1.64 0.294 (1322522pf~1/22p3/2)J:3/2 - (152251/22;.?/22;.%/2)J:5/2 N-1
1741.08 + 1.25 1743.8 30.824 +£ 1.66  1.156 (152262) ;g — (15228, /2pg ) =1 Be
1766.62 + 1.39 1769.4 25.946 + 1.72 1.283 (1522s22p1/2)J:1/2 - (15225‘1/22]_71/22p3/2)J:1/2 B-2
1768.71 £+ 1.40 1771.2 37.127 £ 1.74 1.173 (1522522;;1/2)]:1/2 - (152251/22p1/22p3/2)J:3/2 B-1
1801.07 & 1.60 1803.9 48.787 £ 1.72  1.266 (152262203 ) 5o — (17201 /5202, 2032) 521 C
1805.91 + 1.63 1808.4 29.777 + 1.66 1.020 (1522522;%/22;;3/2”:2 — (152251/22;,?/22;.2/2”:2 O-1
1840.44 + 1.90 1842.6 17.077 £ 1.63 1091 (152252202 2p55) 5579 — (182251 /5207 202 ) ym1jn N-2
1841.84 + 1.88 1844.1 14.614 + 208 2.023 (12252 205 5)J = 3/2 — (1522515202 202 ) 7_g/n N-3
1871.16 + 2.10 1869.9 N/A® 2.232 (1522522p?/22pg/2)J:3/2 - (152251/22pf/22p§/2)J:1/2 F
1891.01 + 2.25 1893.3 17.977 £ 1.63 1.886 (15225221)? 22p§ g)i=2 — (152251/22;.? 22;.2 Q) I=1 0-3

%Calculations performed using FAC

*Value from Kim et al. [18]

¢Data were only available from one day, so comparing this count rate
to that of the other transitions is not possible

The previous research on thorium suggests the existence
of a third oxygenlike line within this transition band at
approximately 20% the intensity of the strong line. Cal-
culations place that line around 1832 eV with an Einstein
coefficient of 6.5x10'2 s~1: this line cannot be resolved
from the background with sufficient certainty; however it
does appear to exist visually at the predicted location.

The tungsten line intensities were obtained by ana-
lyzing the heights above background as found from the
summed data. Comparing the measured relative line
intensities within an ionization stage with the Einstein
coefficients as calculated by FAC show good agreement,
which indicates that direct electron-impact excitation is
the dominant line formation mechanism for these dipole-
allowed transitions. The two nitrogenlike lines near 1840
eV, unfortunately, are blended, so their relative inten-
sity measurements are not certain. The fluorinelike line
intensity was only seen in one run day, so its intensity
could not be extrapolated to the full run period.

The constants that were used here in order to convert
wavelength and energy are h = 6.62606896 x10734 J s,
c = 2.99792458 x108 m/s, and e = 1.602176487 x10~19
C.

SUMMARY AND DISCUSSION

The line positions of the resonance lines in lithiumlike
through fluorinelike tungsten have been measured. This
work has extended the lithiumlike isoelectronic sequence,
which has only a single valence electron, into the region
of atomic number between xenon (Z = 54) and lead (Z
= 82), where no data were available. The 2s; /5 - 2p3/9
line position is affected by a QED contribution of about

17 eV. Our measurements are sensitive to 6% of this ef-
fect. Providing data in this range of atomic number is
even more important for the berylliumlike to fluorine-
like charge states of tungsten. For these ionic states no
highly accurate theoretical calculations are yet available,
and electron-electron correlations strongly affect the en-
ergy levels, as discussed in a recent review by Cheng et
al. [29]

The knowledge of the energies of the tungsten 2s; /5 -
2p3 /2 lines is very important for diagnostics of hot plas-
mas. As our line survey has shown in Fig. 1, these are
the brightest x-ray lines from open L-shell tungsten ions.
These lines appear at high electron temperatures, and
similarly high ion temperatures in a thermal plasma sig-
nificantly broaden the lines. At 30-40 keV ion tempera-
ture, which is not unrealistic in the ITER tokamak, the
line widths will be approximately 2 eV. Because different
charge states exist in different albeit neighboring loca-
tions in the plasma, measurement of the 2si,5 - 2p3/o
spectrum of tungsten can yield temperature values at
different locations in the plasma. Furthermore, the shift
in the position of the line is a diagnostic for plasma ro-
tation [30]. The data presented in this paper can serve
as a basis for using these lines as a diagnostic tool.
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